Although the hot-rolled steel members have been considered as the most common and widely used steel profiles, but light gauge steel (LGS) use in structures is widely increasing recently. The structural attitude of this light gauge is characterized by different buckling modes as local, distortional, and torsional buckling. Light gauge steel sections are being produced in many forms. One of these forms is the hollow flanged beam sections which proved its effectiveness but their behavior still not fully understood. In this paper, the moment behavior of LGS beams is verified using the finite element analysis. A numerical study was applied to figure out the parameters affecting the behavior of the LGS beams in case of using hollow flanges, either rectangular or triangular, with and without vertical stiffening under flexural loading. All beams were simply supported and subjected to two-point loadings configuration. The ultimate load capacity and failure mode of all beams were determined. Three different design codes were utilized to validate the results.
RHFB are fabricated from a single strip of high strength steel sheet using electric resistance welding. These sections were developed to be the new rectangular hollow flange sections which consist of two separated rectangular flanges connected to a slender web plate using screws, rivets or weld, as shown in Figure 1 These symmetrical members have been used as flexural and axially loaded members. Avery and Mahendran [1] presented finite element models, analytical results, and large scale experiments for the HFBs with web stiffeners to evolve the lateral torsional buckling capacity for such beams. Trahair [2] at first found a solution for the influence of elastic lateral distortion buckling on HFBs under flexural moment, then predicted the effects of the imperfections in section geometry, residual stresses, and stress-strain curve on the strength of beams which have failed due to lateral-distortional buckling.
INTRODUCTION
There are two main types of structural steel members which are being used in steel structures, hot-rolled steel members and light gauge steel which are known as coldformed steel members. Light gauge steel members markets contain purlin applications, beams, and columns of industrial, commercial, and frameworks. Light gauge steel sections usage in the construction industries is extensively expanded due to their simplicity shaping at room temperatures, high strength to weight ratio, simplicity of erection and fabrication, and economy of transportation and handling. These advantages can affect in more costeffective designs, particularly in short span applications. Light gauge steel sections are ordinarily manufactured into C, Z, hat, and rack sections. These sections are common because of their simple forming procedures and easy connections, but they face some problems due to buckling modes as a result of their high plate slenderness, eccentricity of shear center to centroid, and low torsional rigidity. Recently, many attempts have been taken to dispose of the occurrence of such buckling modes and enhance the load carrying capacities of cold-formed steel members. One of these attempts is the hollow flange section (HFS). These sections are shaped by creating two torsionally rigid closed flanges and a slender web. HFS are lighter in weight than hot-rolled steel sections, also are more effective than hotrolled steel members. Recently, different types have been developed in the building and construction industries. These types are Hollow Flanged Beams (HFB), Lite Steel Beams (LSB), Figure 1 (a and b) , respectively. The HFBs are special cold-formed steel sections made for use as flexural members.
These symmetrical members have been used as flexural and axially loaded members. Avery and Mahendran [1] presented finite element models, analytical results, and large scale experiments for the HFBs with web stiffeners to evolve the lateral torsional buckling capacity for such beams. Trahair [2] at first found a solution for the influence of elastic lateral distortion buckling on HFBs under flexural moment, then predicted the effects of the imperfections in section geometry, residual stresses, and stress-strain curve on the strength of beams which have failed due to lateral-distortional buckling. Zhao [3] investigated the structural attitude and design of HFB sections as compression elements. Riveting and screw fastening were used to form (RHFB) sections, so the structural attitude and design of RHFB as flexural members will be different because of that. Somadasa [4] provided large scale study about the attitude and design of (RHFB) made of separated flanges connected to the web using screw fastening under flexural loading. The Lite Steel Beams (LSBs) have an individual shape and industrialization process which gives more effective strength to weight ratio. It has probably vast range of applications between residential, industrial, and manufacturing construction.
Many researches have been performed within the structural behavior and the design of LSBs. Both experimental testing and FEA have been achieved to improve the behavior and design of LSBs, under flexure [5] [6] [7] [8] and under shear [9] [10] [11] [12] . Mahendran and Mahaarachchi [13] presented an experimental examination of section moment capacity of cold formed C-section beams with hollow flanges. The results were validated with predicted moment capacities from the current design standards. Wilkinson et al. [14] investigated the behavior of C-section beams with rectangular hollow flange using interior one flange loading condition to increase the strength to web crippling. Jeyaragan and Mahendran [15] experimentally and numerically investigated the LSBs to understand their behavior with different connection spacing under flexure. Kurniawan and Mahendran [16] presented a study about the lateral buckling strength of LSBs in simply support condition using finite element analysis under gradient moment effects. Then presented lateral buckling experiments to validate the results of the finite element analysis and provided design recommendations for such beams. Kurniawan and Mahendran [17] presented a numerical study on LSBs based on lateral buckling strength under transverse loading using design modification factor from various steel design codes. Raghul and Maheswari [18] presented an analytical investigation to study the lateral torsional and distortional buckling using numerical non-linear simulation on Cshaped and R-shaped beams under flexure using twopoint load conditions. The study also investigated the influence of the width and depth of the beam on its structural behavior. Mahendran [19] presented some applications on cold formed steel sections in structural engineering using finite element analysis. It was found that few researches studied the effect of using stiffeners to improve the section behavior. Also, the new rectangular hollow flange section has been chosen for this study because its behavior was different from HFB and LSB due to the semi discontinuity along the web to flange connections. The separation between flanges and web in these sections allows the use of different flanges and web thicknesses, which makes structural optimization goes well with the different applications of such beams. Depending on these features it is possible to study the behavior of Triangular Hollow Flanged beams (THFBs) as well and compare results to find out which section is more effective. This study considers the flexural behavior of hollow flange beams with and without stiffeners using FEA. The use of vertical stiffeners could enhance the lateral distortional buckling moment capacities as there are no predicting design guides for the expected failure modes. So, the changing in section parameters, steel grade, stiffening condition, and span could be useful to improve the results.
FINITE ELEMENT MODELLING

General
The finite element analysis was implemented to simulate the behavior of the RHFBs under flexure using ANSYS®. The appropriate geometric parameters, mechanical properties, initial geometric imperfections, supporting conditions, and loading conditions were taken into consideration. The ultimate strengths, failure modes, moment-displacement curves of these sections were observed and monitored. All results were verified against the experimental results obtained by Somadasa [4] to verify the finite element models.
Finite Element Meshing
In the simulation process, the shell element was used to simulate the behavior of the RHFBs, SHELL181 element [20] was used for all section parts. It is an element with four-nodes and each node has six degrees of freedom, as shown in Figure 2 . SHELL181 is appropriate for linear and large rotation applications as well as for large strain nonlinear applications. In the FEA, accurate results depend on the density of the mesh used to simulate the model. It is suitable to increase the number of elements in the generated mesh to enhance accuracy. Mesh sensitivity analysis has been done to estimate the most appropriate mesh size which produces the most accurate results. Figure 3 shows three mesh sizes for RHFB-150hw-1.2tf-1.2tw-G300; fine mesh 5x5 mm 2 , medium mesh 10x10 mm 2 and coarse mesh 15x15 mm 2 . The relationship between moment and deflection for different mesh sizes are shown in Figure 4 . The results for the three types were too close, for that the medium mesh with size 10 x10 mm 2 has been chosen to save analysis run time and to get the required accuracy for analysis as well as a uniform deformed shape. 
Material Model
The FEA considers the von Mises general multi linear plasticity to characterize kinematic hardening plasticity. Poisson's ratio was taken 0.3 and modulus of elasticity was taken 200 GPa. Somadasa [4] presented the stressstrain curves which characterize the results of the tensile test specimens for the steel grades G300 and G500. Figure  5 shows the values of the yield stress (Fy), ultimate tensile stress (Fu), and modulus of elasticity (E). For G500, the yield stress was calculated by using the 0.2% proof stress method, and for G300 the yield stress was calculated from the graph at the sharp yield points. The yield stress for the G300 steel was 334.25 MPa while it was 580 MPa for the G500 steel. Figure 5 : Tensile stress versus strain curves for different steel grades [4] . (a) for steel grade G300 and (b) for steel grade G500.
Loads and Boundary Conditions
All experimental models were tested under two-point loading with simple support conditions, Somadasa [4] , as shown in Figure 6 . This loading condition insures a uniform bending moment at the middle region of the tested beams. All models were supported on half rounds placed on a ball bearing, which achieve the requirements of simply supported conditions. The FE models were simulated to present the same loading and boundary conditions in the test procedures as shown in Figure 7 . Figure 6 : Test set up for section moment capacity tests used in Somadasa [4] .
As a result, the right and left supports have been prevented from displacements (Uy and Uz) in the y and z directions also, the rotations (θx and θy) about x-and yaxes was prevented, which makes the support able to rotate about the z-axis only. The points at mid span were prevented from displacement in the x-direction to maintain the model stability. The points of loading were permitted to displace in the vertical direction (as a displacement loading) and the beam loading capacity were calculated from the reactions at supports. Screws are simulated by coupling nodes at the location of the screw. At which, points on the web plates were master points and flange points are slave points, this procedure assures that points in this location are similar to the experimental boundary conditions, as shown in Figure 8 . 
Initial Geometric Imperfections
The initial geometric imperfections effect was considered in the FEA of the HFB. there is no specific characterization provided to the existing imperfection data but only a limited characterization. The maximum imperfection data were not taken as a value which the imperfection values is usually simulated of the real beam imperfection. True imperfection magnitude and distributions are obscure. The value of initial imperfection was taken as 1 ≈ 6 −2 as the overall geometric imperfection in the FEM based on Schafer and Pekoz [21] . To account for the initial geometric imperfection in the nonlinear analysis, elastic buckling analysis was carried out. The resulted first and worst buckling mode was used to represent the initial geometric imperfection. Hence, in this analysis, the worst possible deformation mode was considered as a one of twenty eigenbuckling modes and was used in the nonlinear FE model. In this study, the worst buckling mode was considered as the last buckling mode. The geometric update ratio could be taken from Equation (1) . Figure 9 illustrates an example for the buckling mode which considered the worst mode of buckling for RHFB-150hw-0.95tf-0.55tw-G550 beam. 
Residual Stresses
During the structure procedure concerning cold-formed steel sections, residual stresses are induced inside the cross-section. While the net effect on residual stresses need to be naught for equilibrium, the existence of residual stresses performs result within precocious yielding of plate elements. Two types of residual stresses are existed between the cold-formed steel structural members and they are: 1) Membrane residual stresses.
2) Bending residual stresses. Wan and Mahendran [22] studied the effect of residual stresses on LSBs and found that their effect on the ultimate loads was small, depending on that, the effect of residual stresses has been neglected in this research.
VERIFICATION OF THE FINITE ELEMENT MODEL
There was a total of twenty-two section moment capacity tests that have been presented in Somadasa [4] , all test specimens had a 1130 mm span. The cross-section dimensions are listed in Table 1 for five section moment capacity tests. Typical moment-vertical deflection curves as well as moments-strain for the chosen beams were verified for the following beam cases: 1) Equal flange and web thicknesses (tf = tw), 2) Flange thickness is larger than web thickness (tf > tw), 3) Flange thickness is less than web thickness (tf < tw). The vertical deflection curves illustrate the deflection at the bottom flange of beam mid-span. A typical moment against deflection curves for RHFBs are shown in Figure  10 while the moment against strains is shown in Figure11. Refer to Figure 1c . where hf=25mm, bf=50mm and hL=15mm
Figures 10-11 show a good agreement between the FEA results compared to the experimental investigation. The deviations among FEA and experimental outcomes have been regarded to be due to feasible variations and errors in the deflection measurements [4] , also it could have been due to the friction at the support bearings. This was not measured, and no try was made to contain the friction effects [4] . However, the effect of the friction in the bearings on buckling moment was considered to be small [4] . In Figure 11 , the strains were measured at the bottom and top surfaces of the flanges at the mid-span of the modeled beams. Tension strain was regarded as positive while compression strain was regarded as negative. Consequently, the negative side represents both the experimental and FEA curves for the compression flange and positive side represents those curves for the tension flange. These curves show that the FEA and experimental results are in good agreement. Figure 12 compares the deformed shape obtained from FEA with the deformed shape obtained from the experimental test. The local buckling of top flange plate or web are the most common failure modes of RHFBs at shorter spans, these modes depend on the flange and web slenderness. As shown in Figure 12 , local buckling appeared on the top flange plate. Based on the overall comparison of FEA and the experimental test through the failure modes, moment-strain curves, and momentdeflection curves, the FEA can be effectively used to investigate, parametrically, the behavior of the RHFBs with different cross sections dimensions, different spans, and with or without stiffeners. 
PARAMETRIC STUDY OF BEAMS WITH HOLLOW FLANGES
As a result of the verification using the finite element analysis, the parametric study was carried out based on the verified models to develop a comprehensive database about the behavior of hollow flange beams under flexure. In this investigation, a total of 96 hollow flange models, grouped as 48 models for the beams with rectangular hollow flange beams (RHFBs), Figure 13a , and the other 48 models were for triangular hollow flange beams (THFBs), Figure 13b . Every group contained three different spans (2000 mm, 3000mm and 4000 mm) and two different steel grades (G300 and G500). Every steel grade has 8 models with four stiffening conditions; no stiffeners (control), every 0.05L, 0.1L, and 0.2L. The stiffeners were located at the first and last quarters of the whole span. Table 2 summarizes the FEA model dimensions while Figure 14 shows the HFB dimensions and stiffeners locations for the whole beam span.
(a) (b) Figure 13 : Cross sections of hollow flanged beams (a) RHFB and (b) THFB. The effective width method with the effect of the geometrical imperfections and the residual stresses converts the plate width, b, into an imaginary plate with an effective width of beff and a uniform stress distribution equals to the yield stress Fy, as shown in Figure 15 . Figure 15 : Effective width concept.
ANALYTICAL INVESTIGATION
In this paper, there are three design codes that have been used to predict the section load carrying capacity for cold formed steel sections, namely: 1) Euro Code [23] [24] .
2) AISI Code [25] .
3) ECP code [26] .
Euro code
Effective width:
For internal compression elements: 
AISI Code:
Where: 
ECP Code:
Where: Kσ = plate buckling factor which depends on the stress ratio Ѱ b = appropriate width
where , stress distribution on elements
DETERMINATION OF CRITICAL LOAD (P)
Where P is the reaction at the support Tables 3 and 4 show a comparison between the loads obtained from the finite element analysis and the critical load calculated from the current design codes to calibrate the models. It was found that the results from the FEA showed a good agreement. Also, the critical load of each model at failure is presented and compared with those predicted based on the ECP, the AISI and the Euro codes. This comparison shows that both design methods are close in general. AISI code [25] estimates the critical loads for G300 with a mean = 15.47 and a coefficient of variation (COV) of 0.504 for the RHFBs and with a mean =13.49 and COV of 0.497 for the THFBs. While for G500 steel beams, the AISI code estimates the critical loads with mean = 26.15 and a COV of 0.509 for the RHFB and with mean = 22.85 and a COV of 0.503 for the THFBs. On the other hand, the Euro code [23] [24] estimates the critical loads for G300 with mean = 15.54 and a COV of 0.504 for the RHFBs and with mean = 13.56 and a COV of 0.496 for the THFBs. While for the G500 steel beams, the Euro code estimates the critical loads with mean = 26.31 and a COV of 0.509 for the RHFB and with mean = 22.96 and a COV of 0.503 for the THFBs. ECP code [26] estimates the critical loads for G300 with a mean = 15.56 and a coefficient of variation (COV) of 0.502 for the RHFBs and with a mean =13.573 and COV of 0.495 for the THFBs. While for G500 steel beams, the ECP code estimates the critical loads with mean = 26.36 and a COV of 0.508 for the RHFB and with mean = 22.997 and a COV of 0.5013 for the THFBs. For the FEA models, the failure loads validated with estimated design capacities could be attributed to their initial geometric imperfection, which could have effect on the section critical load capacities of HFBs. The separation between the web and flange plates due to interrupted screw fastening could have also decrease the section load capacities of HFBs. It should also be noted that neither AISI nor Euro codes is taking into account the screws patterns into account during calculating the cross-section load capacity. 
PARAMETRIC AND ANALYTICAL RESULTS
Analysis of Control Beams
Analysis of stiffened beams
Stiffeners were simulated using shell elements separated from the beams and connected to them by screws (by coupling points as previously explained). The stiffeners are connecting the top and lower flanges from both side of the beam. The objective from stiffening was to reduce the distortional buckling which occurs during the loading. Tables 5 and 6 show the variations in section load carrying capacities for different positions of the vertical stiffeners. It was noted that the section capacity was affected by changes in the location of the stiffeners. Overall, the change in the load wasn't significant but the failure mode could be changed from stiffening condition to another, Tables 5 and 6 present the failure modes for the HFBs at three stages at yielding point (1), failure point (3), and within yielding zone (2), as shown in Figure 16 (As an example for all beams). 
Effect of using vertical stiffeners
From Tables 5 and 6 , it was found that the stiffener condition 0.05L was more effective than both 0.1L and 0.2L conditions, while stiffener 0.1L was more effective than stiffener 0.2L conditions. Figures 17-18 illustrated the effect of stiffeners on the section loads. It was found that the stiffeners have small effect on the section load carrying capacity. In some cases, it is even possible to reduce the value of the section capacity as the stiffener locations could possibly lead to a different load mechanism that move the failure location to another weaker point at which failure occurs. Figure 19 shows the deformation of RHFB2 with span of 2000mm and four stiffening conditions at failure. It can be seen in Figure  19a that both the section twist and web distortion occurred mostly between the loading points in the middle third of the beam, also it can be seen in Figure 19b that the failure occurred in the middle third as well but the twisting in section does not exist and the web buckle prior the failure due to bending. Beams RHFB2-2000-0.1L-G300 and RHFB2-2000-0.2L-G300 were close in section deformation to RHFB2-2000-0.05L-G300, but in Figure 19d the failure mode occurs due to the local buckling in the web. In general, the stiffeners could change the deformation and failure mode for beams but their effect on the section load capacity was noticed to be small. 
Failure types of hollow flanged beams
Hollow flange beams could fail in different modes such as local buckling, lateral torsional buckling, distortional buckling, and bending failure, as shown in Figures 20 and  21 . Local buckling occurs due to applying the loads on the section, with the aid of the geometrical imperfections, which causes yielding in material. By increasing the load level, the lateral torsional buckling then distortional buckling occurs which cause the ultimate stress failure in the beam. Some models did not reach to the ultimate stress failure in material because the failure was due to buckling. It can be realized from Table 5 , that most of the RHFBs models had local buckling in web as first failure mode even with the stiffening conditions. But, in case of models with span 4000, HFB1-4000-G300 failed due to local buckling in web and by using the different stiffening conditions as 0.1L and 0.2L lateral torsional buckling failure took place. Also, model HFB2-4000-G300 had local buckling in flange and by using the different stiffening conditions it failed due to lateral torsional buckling. Model HFB2-4000-G500 failed due to local buckling in flange and when using stiffening condition 0.05L failure changed to be local buckling in web then changed to be lateral torsional buckling for conditions 0.1L and 0.2L. Table 6 , shows that the first failure modes for THFBs were varied between local buckling in web and local buckling in flange and sometimes was lateral torsional buckling. Therefore, it is obvious that buckling failure is the main failure mode for these types of beams. 
Effect thickness change
The change of thickness has a large influence on the section load carrying capacities. Figure 22a shows that HFB1, which has web thickness less than the flange thickness, has a critical load varies between 27.6kN up to 33.2kN, while HFB2, which has web thickness larger than the flange thickness, has a critical load varies between 15.1kN up to 19.4kN. Moreover, Figure 22b shows that HFB1 has critical load ranging from 47.8kN up to 50.1kN, while HFB2 has critical load ranging from 26.2kN to 34.1kN. By comparing these results, it is very clear that increasing flange thickness is more effective than increasing web thickness. Thus, increasing flange thickness can enhance the section load capacity much more than that can be done by increasing web thickness. Figure 22a shows that model HFB1-Control-2000-G300 reached an ultimate load 33.2kN and a maximum deflection 25.5mm, and model HFB2-Control-2000-G300 reached an ultimate load 19.4kN and a maximum deflection 30.67mm. Also, Figure 22b shows that HFB1-Control-2000-G500 reached an ultimate load 50.06kN and a maximum deflection 17.5mm, and HFB2-Control-2000-G500 reached an ultimate load 34.1kN and a maximum deflection 19.5mm. By comparing results of HFB1-Control-2000-G300 with HFB1-Control-2000-G500 and of HFB2-Control-2000-G300 with HFB2-Control-2000-G500 it can be noticed -as can be expected due to the material properties-that beams with steel grade G300 have maximum load less than those of beams with steel grade G500. Also, the deflection in beams with steel grade G300 is larger than deflection in beams with steel grade G500. By studying the effect of steel grade on beams failure modes in Table 5 , it was found that steel grade has large effect on the second and third failure modes of RHFBs. For example, in model HFB1-2000-G300, failure modes were LBW then LTB up to failure while in model HFB1-2000-G500 failure modes became LBW then LBF then DB. Also, it was found that beams with G500 were more resisting to lateral and distortional buckling than beams with G300. Table 6 shows that, the effect of steel grade on the resulted ultimate load and deflection is remarkable. However, due to the flange shape the THFBs do not have the same lateral torsional buckling behavior as for RHFBs. Therefore, steel grade has a strong influence on the ultimate load, the maximum deflection and the failure mode. Figure 23 (a and b) shows comparison between the three different spans versus maximum load for RHFBs and THFBs. It is found that the beam maximum load decreases by increasing the beam span for all models. For example, RHFB1-Control-G300 has reached maximum load 27.56kN for span 2000mm and this value decreased to be 19.54kN for span 3000mm then decreased to be 13.97kN for span 4000mm. Furthermore, the variation between maximum load for spans 2000mm and 3000mm was larger than that variation between spans 3000mm and 4000mm. This means that short spans are more effective than large spans due to the different anticipated failure load as discussed earlier. For the beams with similar section type, span length, and steel grade and with different dimensions (HBF1 and HBF2), the difference between maximum load decreases by using larger spans. For example, in RHFBs models: the difference between maximum load for span 2000mm for HFB1-Control-G300 and HFB2-Control-G300 is (27.56kN -15.09kN = 12.47kN) while, for span 3000mm is (19.54kN -8.97kN =10.57kN) and for span 4000mm is (13.97kN -6.81kN =7.16kN). This means that the effect of thickness is influenced by the change in beam span. 
Effect of steel grade
Effect of increasing span length
Effect of section shape
From Table 5 , RHFBs almost have similar first failure mode then due to the effects of steel grade, stiffening conditions and span failure modes changed. Until failure, While for THFBs in Table 6 the behavior is not similar in the three stages of failure. This difference between the behavior of the two shapes refers to the section flanges shape and the section behavior against its initial geometric imperfections under flexure. From Figures 17-18 , it can be seen that the RHFBs load results are better than THFBs results specially with span 2000mm, whereas the variance between load results in span 2000mm was larger than the variance in spans 3000mm and 4000mm. overall, by comparing the results considering all previous effects it has been found that the load results are often close but the RHFBs is effective than THFBs.
CONCLUSIONS
This paper has presented a detailed investigation about the behavior of a light gauge hollow flange beams under flexure using the finite element analysis. This study included a verification using the FEA of a five RHFB sections that were tested to failure under a two-point loading configuration. Finite element models were constructed to simulate the tested beams with respect to loading and boundary conditions. The finite element models' failure modes, ultimate strengths, and momentdeflection and moment-strain plots were obtained. The results from the FEA demonstrate good agreement with experimental results. Parametric study was performed by using the verified finite element models of the RHFB to study the influences of using different web and flange thicknesses, flange shape, location of the stiffeners, and beams spans. The results were compared with those predicted based on design rules using two different design codes. The results demonstrate very good agreement as well.
The parametric study shows that:
 Using vertical stiffeners changes the mode of failure, but its influence on improving the beam load carrying capacity is very small.  Failure due to various types of buckling is the main failure mode for these types of beams.  The improve in beam loading capacity and its overall behavior due to using larger flange thickness is rather more than the improve due to increasing the web thickness for such beams.  Steel grade has a large effect on the HFBs load capacity, maximum deflection, and failure mode.  For RHFBs, increasing steel grade could be efficient in resisting the lateral buckling.  Using RHFBs is more effective than using THFBs.
Such effects should be considered in the design of HFBs under flexure.
